Deep-sea carbon dioxide (CO 2 ) plays a significant role in the global carbon cycle and directly affects the living environment of marine organisms. In situ Raman detection technology is an effective approach to study the behavior of deep-sea CO 2 . However, the Raman spectral characteristics of CO 2 can be affected by the environment, thus restricting the phase identification and quantitative analysis of CO 2 . In order to study the Raman spectral characteristics of CO 2 in extreme environments (up to 300 C and 30 MPa), which cover most regions of hydrothermal vents and cold seeps around the world, a deep-sea extreme environment simulator was developed. The Raman spectra of CO 2 in different phases were obtained with Raman insertion probe (RiP) system, which was also used in in situ Raman detection in the deep sea carried by remotely operated vehicle (ROV) ''Faxian''. The Raman frequency shifts and bandwidths of gaseous, liquid, solid, and supercritical CO 2 and the CO 2 -H 2 O system were determined with the simulator. In our experiments (0-300 C and 0-30 MPa), the peak positions of the symmetric stretching modes of gaseous CO 2, liquid CO 2 , and supercritical CO 2 shift approximately 0. (1281.0-1285.4 cm -1 ), respectively. The Raman spectral characteristics of the CO 2 -H 2 O system were also studied under the same conditions. The peak positions of dissolved CO 2 varied approximately 4.5 cm -1 (1282.5-1287.0 cm -1 ) and 2.4 cm -1 (1274.4-1276.8 cm -1 ) for each peak. In comparison with our experiment results, the phases of CO 2 in extreme conditions (0-3000 m and 0-300 C) can be identified with the Raman spectra collected in situ. This qualitative research on CO 2 can also support the further quantitative analysis of dissolved CO 2 in extreme conditions.
Introduction
Carbon dioxide (CO 2 ) is one of the most important greenhouse gases due to its high chemical stability and huge abundance with large part released by human activities after the industrial revolution. The ocean is the largest CO 2 sink because that large part of CO 2 of various sources discharged into the atmosphere will eventually be absorbed by the ocean. 1, 2 The increasing CO 2 contents in the ocean will significantly influence climate warming processes and the habitat environments of the marine organisms. [3] [4] [5] [6] Therefore, the behavior of carbon in seawater has attracted much attention of researchers for a long time. To reduce the amount of CO 2 in the atmosphere, some researchers have proposed sequestering CO 2 in the deep sea in the form of liquid CO 2 or CO 2 hydrates because of the ability of CO 2 to exist there in these relatively stable forms. 7, 8 Atmosphere, seabed volcanoes, seabed sediment, hydrothermal vents, and CO 2 vents are significant sources of CO 2 in the ocean. 9, 10 In deep-sea extreme environments with high pressures and steep temperature gradients, CO 2 concentrations are very high, even reaching saturation in some regions. In deep-sea extreme environment areas, CO 2 can exist in a variety of phase states. Even within a small area, such as a hydrothermal vent, the forms of CO 2 could significantly change because of the apparent temperature differences between hydrothermal fluids and the surrounding seawater. Gaseous CO 2 is widely distributed at gas-rich hydrothermal activity areas and volcanic regions. 11 Liquid CO 2 vents have been discovered in the Okinawa Trough and the Mariana Arc. [12] [13] [14] Previous researches have confirmed the existence of CO 2 hydrate in the deep sea. 8, [15] [16] [17] [18] Although supercritical CO 2 has not been reported in the deep sea, areas with high-pressure, steep temperature gradients, and high CO 2 concentration provide ideal conditions for the formation of supercritical CO 2 .
The accurate determination of the amount of gas in dissolved seawater is a very important fundamental challenge. This determination is particularly challenging in deep-sea demanding environments characterized by high pressures (approximately 300 atm at a depth of 3.0 km), steep temperature gradients (the temperature of a hydrothermal area can reach 300 C, while the temperature of a cold vent area can be near 0 C), and high salinity (3.5 wt%). Most of the traditional analysis methods are ex situ, which means collection first and analysis second. These indirect methods neither give a true picture of the amount or phase states of the CO 2 nor provide timely and successive measurements. The in situ measurements of CO 2 in high-temperature and high-pressure environments by chemical sensors is very difficult because the unavailability of sensors in these extreme conditions. The detection efficiency is very low for most electrochemical sensors, especially for those that can only measure a single chemical parameter. 19, 20 Moreover, traditional analysis methods and electrochemical sensors cannot distinguish the true phases of CO 2 .
With the rapid development of Raman spectroscopy, this technology has been widely applied to the detection of various chemical systems 21 and provides new opportunities to explore chemical processes in the deep sea due to the noninvasive, nondestructive, and no need for sample preparation characteristics. 22 Raman scattering is a type of inelastic scattering occurring between incident light and matter. The energy of the scattered radiation has no relation with the frequency of the excitation source, but just depends on the change in vibrational energy. 23 The Monterey Bay Aquarium Research Institute (MBARI) team designed an in situ Raman detection system, the Deep Ocean Raman In Situ Spectrometer (DORISS) system. 23, 24 Based on and improving the system, Zhang et al. developed another in situ Raman detection system, the Raman insertion probe (RiP) system. 25 A large amount of previous research in deep-sea extreme environments has been performed using these systems carried by remotely operated vehicles (ROVs), such as the DORISS which was used to observe the formation processes and the structures of natural gas hydrates, 26, 27 to detect dissolved CO 2 in seawater, 28 and to determine gas bubble fractionation rates in the deep sea and to performe quantitative analyses of CH 4 and CO 2 in seawater. 29 25 Identifying the compositions of materials using Raman spectroscopy is based on the Raman characteristic peaks of each component. The characteristic peaks of CO 2 in different phases have different peak positions, full width at half-maximum (FWHM), which also can be affected by temperatures and pressures. To determine the phases of CO 2 according to the obtained in situ Raman spectra, the Raman spectral characteristics of CO 2 in different phases must be determined. Our study focuses on the Raman spectral characteristics of CO 2 with laboratory simulations, which are based on the large number of in situ Raman spectra collected from hydrothermal fluids and liquid CO 2 venting areas in the middle of the Okinawa Trough and the Manus basin (Papua New Guinea). Our results on the Raman spectral characteristics of CO 2 in different phases will be helpful in understanding the formation and evolution of these regions.
Devices and Methods

Deep-Sea Extreme Environment Simulator
Two Raman cells, which are applicable at high pressures with low temperatures and high pressures with high temperatures, respectively, were developed to simulate the deep-sea cold seep and hydrothermal vent environments. The Raman spectra of CO 2 in different phases were collected using a probe through an optical window on the cell. The pressure in the cells was controlled using a CP Class Constant Pressure Pump and a gas pressurization system. The cell body was made of 17-4PH stainless steel hardened to the H900 condition. Liquids and gases were pumped into the simulation cell through 1/8 inch-diameter (3.175 mm) fill tubes made of 316 stainless steel. The front optical window was made of a circular single-crystal sapphire. The interior of the high-temperature cell was lined with a copper cup to facilitates more uniform heating of the cell volume. The high-temperature simulation cell, capable of reaching 300 C, was heated by six 100 W, 120 V Sunrod cartridge heaters, which were wired in parallel and inserted into the copper jacket surrounding the cell body. The low-temperature hydrate Raman cell, capable of reaching to -37 C, was cooled by a Thermo Scientific Sunrise refrigerated bath with a temperature stability of AE 0.01 C. The two highpressure simulation cells had volumes of 1 cc and pressure limit of 400 bars. Therefore, these deep-sea extreme environment simulators could be used to reflect the in situ environments of hydrothermal vents and cold seeps.
Raman Spectrometer. The setup used to acquire Raman spectroscopy in this work is constructed based on the previous developed RiP system. A custom-designed N-RXNE-532-RA-SP spectrometer (Kaiser Optical Systems, Inc.) is chosen to acquire Raman spectra of the samples. The focal length of the spectrometer is 85 mm. A multiplexed grating (HoloPlex) is used in this spectrometer. The setup also includes a charge-coupled device (CCD) (DU-440 A-BV-136, Andor Technology) with 2048 Â 512 pixels and 27.6 Â 6.9 mm image area. The spectrum of the sample splits into two lines by multiplexed grating and is collected by the CCD. Thus the spectral resolution of the setup is about 1 cm -1 per pixel with spectral range of 100-4325 cm -1 .
33
The excitation source was a KOSI Invictus 532 nm, frequency-doubled, diode-pumped neodymium-doped yttrium aluminum garnet (Nd: YAG) laser. The probe and spectrometer were connected with two fiber optic cables with interior diameter 100 mm. Two displacement platforms were used to fix the optical probe and control the irradiation position on the optical window. The Raman spectra of CO 2 were collected using HoloGRAM MR Probe software (Kaiser Optical Systems, Inc.) with an exposure time of 3 s, and each spectrum was accumulated four times. GRAMS/AI data processing software was used to analyze the spectral data and the GRAMS/AI peak fitting routine was used to determine the Raman shifts and the band width. Before the experiments, the wavelength and the intensity were calibrated by neon lamp and halogen lamp as optical sources.
The Preparation of Different Phases of CO 2 . CO 2 liquefies easily at low temperatures (at 0 C, the liquefied pressure is approximately 2.3 MPa). Before collecting a Raman spectrum of liquid CO 2 , gaseous CO 2 was passed through the low-temperature cell (0 C) to produce liquid CO 2 , and the pressure of liquid CO 2 was controlled by the gas pressurization system. When the temperature rose above 31 C, gaseous CO 2 could not be liquefied no matter how high the pressure was. If the pressure was higher than the critical pressure (7.3 MPa), gaseous CO 2 would turn into supercritical CO 2 . Therefore, in our study, the Raman spectra of gaseous CO 2 could only be explored at pressures less than 6 MPa, and that of liquid CO 2 could only be studied at temperatures less than 30 C. In order to obtain CO 2 hydrate, the simulation cell was maintained in a low-temperature (near 0 C), high-pressure (> 3 MPa) situation. Half of the cell volume was filled with water, and the other half of the cell was filled with gaseous CO 2 or liquid CO 2 . Based on thermodynamic phase equilibria, CO 2 hydrate could form at the water-liquid CO 2 interface. 17 
Results and Discussion
The Raman spectral characteristics of gaseous, liquid, solid, hydrated, and supercritical CO 2 in a temperature range of 0-300 C and a pressure range of 0-30 MPa were systematically studied. 
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Raman Spectral Characteristics of CO 2 in Different Phases Gaseous CO 2 . The Raman frequency shift of the symmetric stretching mode of gaseous CO 2 was observed at approximately 1387.8-1388.4 cm -1 with the temperatures and pressures between 20-300 C and 1-7 MPa, respectively, and the peak position moved to the red with increasing temperature (Fig. 1b ) and decreasing pressure (Fig. 1c) . As shown in Fig. 3b , at low-pressure conditions (< 2 MPa), the peak position of the symmetric stretching mode of gaseous CO 2 linearly increased with temperature. However, with the pressure increase (2-7 MPa), the peak position sharply increased at low temperatures (0-120 C) and then the relationship slowly became linear with increasing temperature (120-300 C), possibly because gaseous CO 2 can be regarded as an ideal gas under low-pressure conditions (< 2 MPa) according to the following equations:
Because the wavenumbers of the symmetric stretching mode peak position decreased almost linearly with increasing density (as discussed in the ''Relationship Between the Raman Spectral Characteristics of CO 2 and the Density'' section below), peak position would increase linearly with increasing temperature for the density of CO 2 is inversely proportional to the temperature. Under high-pressure conditions, the density of gaseous CO 2 is related to the molecular interatomic forces and the thermal motion of the molecules; therefore, the density under these conditions does not have a linear relationship with the temperature. For gaseous CO 2 , the pressure had the opposite effect to that of temperature on the Raman shift. As shown in Fig. 1c , under high-temperature conditions (120-300 C), the peak position of the symmetric stretching mode peak linearly decreased with increasing pressure. However, at low-temperature conditions (<120 C), it decreased linearly at low-pressure conditions (<2 MPa) and then showed a faster decrease with increasing pressure (2-7 MPa).
The peak positions of the bending mode showed similar tendencies to those of the symmetric stretching mode. The Raman shifts of the bending mode were observed at approximately 1284.7-1285.7 cm -1 , with a temperature and pressure between 20-300 C and 1-7 MPa, respectively. The bending mode showed greater shifts (1.0 cm -1 ) than those of the symmetric stretching mode (0.6 cm -1 ) with the changes of temperature and pressure, indicating that the bending mode is more sensitive to pressure and temperature than the symmetric stretching mode (Fig. 1d) . When pressure raised from 1 MPa to 7 MPa, peak positions of the bending mode and the symmetric stretching mode shift about 1.0 cm -1 and 0.5 cm -1 at 40 C, respectively. However, at 300 C, these shifts became 0.4 cm -1 and 0.2 cm -1 , respectively, implying that peak positions are more sensitive to pressure under low-temperature conditions (black lines and black axis in Fig. 1d) . Similarly, the bending mode and the symmetric stretching mode were more sensitive to temperature under high-pressure conditions (red lines and red axis in Fig. 1d ).
As shown in area 1 of Fig. 2a , when the temperature was below 120 C, the FWHM of the symmetric stretching mode decreased with increasing temperature. At temperatures above 120 C, the FWHM increased with temperature went high. The FWHM of the symmetric stretching mode showed a linear increase with increased pressure, and the rate of change decreased with increasing temperature (Fig. 2b, area 4) . The FWHM of the bending mode showed the same tendencies as that of the symmetric stretching mode, but the overall value of the FWHM of the bending mode (4.4-4.6 cm -1 ) was larger than that of the symmetric stretching mode (4.2-4.4 cm -1 ).
Liquid CO 2 . The Raman shifts of the symmetric stretching mode of liquid CO 2 were observed at approximately 1385.5-1386.2 cm -1 when the temperature and pressure were in the range of 0-30 C and 6-30 MPa, respectively, and the peak positions of the symmetric stretching mode moved to the red with increasing temperature (Fig. 3b ) and decreasing pressure (Fig. 3c ). As shown in Fig. 3b , at lowpressure conditions (< 12 MPa), the rate of this change increased with temperature went high. At high-pressure conditions (12-30 MPa), this increasing trend became linear. When temperatures were in the range of 20-30 C, the rate of the decrease of the wavenumbers of the peak positions decreased with increasing pressure, and when temperatures were in the range of 0-20 C, this decreasing trend became linear (Fig. 3c) .
The Raman shifts of the bending mode showed similar tendencies to that of the symmetric stretching mode and they were observed at approximately 1280.1-1282.0 cm -1 . The bending mode showed greater shifts than the symmetric stretching mode in response to changes in temperature and pressure, indicating that the bending mode is more sensitive to temperature and pressure than the symmetric stretching mode (Fig. 3d) . When pressure raised from 8 MPa to 30 MPa, peak positions of the bending mode and the symmetric stretching mode shift about 0.5 cm -1 and 0.2 cm -1 at 0 C, respectively. However, at 30 C, these shifts became 1.1 cm -1 and 0.5 cm -1 , respectively, implying that peak positions are more sensitive to pressure at lowtemperature conditions (black lines and black axis in Fig. 3d) . Similarly, these shifts were more sensitive to temperature at high-pressure conditions (red lines and red axis in Fig. 3d) .
For liquid CO 2 , the FWHM of the symmetric stretching mode decreased linearly with increasing temperature and decreasing pressure, and the rate of change of FWHM decreased with increasing pressure and decreasing temperature (Fig. 2, areas 2 and 5) . The FWHM of the bending mode showed the same tendencies as that of the symmetric stretching mode, but the overall value of FWHM of the bending mode (4.8-5.0 cm -1 ) was larger than that of the symmetric stretching mode (4.6-4.8 cm -1 ).
Solid CO 2 . Dry ice is a type of white, transparent, ice-like solid with a surface temperature of approximately -78.5 C. The Raman spectra of solid CO 2 were collected using a contact probe at a pressure of 1 bar. The Raman shifts of the symmetric stretching mode and the bending mode were observed at 1384.1 cm -1 and 1276.9 cm
, respectively, which were lower than those of liquid CO 2 and gaseous CO 2 . The hot bands of solid CO 2 are not significantly relative to those of liquid CO 2 and gaseous CO 2 because the intensities of the hot bands are positively correlated to temperature (Fig. 4) (Fig. 5a) . 36 The Raman frequency shifts of the symmetric stretching mode and the bending mode of supercritical CO 2 were observed at approximately 1385.7-1388.1 cm , respectively. The peak positions of these two modes moved to the red with increasing temperature and the rate of change decreased with temperature went high (Fig. 5b) . At high-temperature conditions (100-300 C), peak position of the symmetric stretching mode decreased linearly with increasing pressure, while when temperature below 100 C, it was not a linear decrease and the rate of change decrease with increasing pressure (Fig. 5c ). As shown in Fig. 5d , when temperature increased from 40 C to 300 C, the shift amounts of peak positions exceeded 0.9 cm -1 and 1.7 cm -1 for the symmetric , respectively. Additionally, the shift changes caused by the temperature variation were stable in the range of 12-30 MPa. Therefore, for supercritical CO 2 , we conclude that these two modes are more sensitive to changes in temperature at high pressures than at low pressures. Similarly, according the downward trend with increasing temperature (red line), we conclude that these two modes of supercritical CO 2 are more sensitive to changes in pressure at low temperatures than at high temperatures. The overall shift of the wavenumbers of the bending mode peak was greater than that of the symmetric stretching mode peak, which implies that the bending mode is more sensitive to pressure and temperature than the symmetric stretching mode (Fig. 5d) .
For supercritical CO 2 , when the pressure was above 26 MPa, the FWHM of the symmetric stretching mode decreased with increasing temperature. When the pressure was in the range of 8-26 MPa, the FWHM of the symmetric stretching mode initially decreased and then increased as the temperature rose (Fig. 2a, area 3) . Under high-temperature conditions (> 100 C), the FWHM of the symmetric stretching mode increased linearly with increasing pressure. However, when the temperatures were in the range of 40-
100
C, the FWHM of the symmetric stretching mode first rapidly increased and then slightly decreased with increasing pressure (Fig. 2b, area 6 ). The FWHM of the bending mode showed the same tendencies as that of the symmetric stretching mode, but the overall FWHM of the bending mode (4.5-5.0 cm -1 ) was larger than that of the symmetric stretching mode (4.3-4.8 cm -1 ).
Relationship Between the Raman Spectral Characteristics of CO 2 and the Density. In general, the Raman shifts of CO 2 in the temperature and pressure ranges of 0-300 C and 0-30 MPa, respectively, increased with increasing temperature and decreased with increasing pressure. Under different temperature and pressure conditions, there are slight variations to these trends. The relationships between the wavenumber of the peak position of CO 2 (0-300 C, 0-30 MPa) and the density of CO 2 are shown in Fig. 6a  and 6b . Clearly, the shifts of peak position are correlated with the density. [35] [36] [37] We utilized a polynomial least squares method to fit the relationships between the Raman shifts and density: Comparing Fig. 6a with Fig. 6b , the lower band showed a larger shift with increasing density than that of the upper band, which may be because the change of volume has a greater effect on the bending mode than the symmetric stretching mode. 36 Similar to the shifts of peak position, the changes of the FWHM with temperature and pressure are very complex. Under low-temperature conditions, the FWHM decreased with increasing temperature but slightly increased with increasing temperature at high-temperature conditions and this trend was more obvious under low-pressure conditions (Fig. 2a) . As shown in Fig. 2b , a positive correlation between the change of the FWHM and the pressure was observed. The phase transition from gaseous CO 2 to liquid CO 2 had a significant impact on the FWHM. At low temperatures (<100 C), the increasing gradient of FWHM changed sharply from rapid to slow, while at high temperatures (>100 C), the FWHM linearly increased with pressure went high .
The change of the FWHM was also correlated to the density. With the density less than 0.4 g cm -3 , the rate of change of the FWHM was approximately 1.25 cm -1 per 1 g cm -3 . With the density greater than 0.4 g cm -3 , the rate of change of the FWHM became 0.30 cm -1 per 1 g cm -3 . The change of density had the same effect on the FWHM of both the lower band and the upper band. The overall change of the FWHM of the lower band was larger than the change of the FWHM of the upper band (Fig. 6c) .
The peak position of the Fermi resonance of CO 2 almost linearly shifts to low frequency with density increasing, which demonstrates that the intermolecular forces (dispersion force) is the main influencing factor of peak shift change with density. 34, 38, 39 It can be seen that the peak width also changes as a function of density from Fig.  6b . Peak width as a reflection of the molecule's rotational state will change with increasing density because the frequency of molecule collisions will increase at same time. Collision damping is probably the dominant mechanism of peak width changing with density. 40 Temperature will affect molecular thermal velocity; molecular collision frequency and pressure will affect intermolecular distance, intermolecular forces, and molecular collision frequency. Different temperature and pressure conditions will cause the difference of bond length, bond energy, and molecular thermal motion (Doppler broadening and Doppler shift 41 and collision broadening 42 ), which will lead the change of peak position and peak width.
Raman Spectral Characteristics of the CO 2 -H 2 O System
Dissolved CO 2 . The Raman spectral characteristics of dissolved CO 2 at different pressures (0-30 MPa) and temperatures (0-300 C) were explored using the simulation cells. The solubility of CO 2 in water is sensitive to temperature and pressure, and the solubility decreases with increasing temperature and increases with increasing pressure. Therefore, at high temperature, the characteristic Raman peaks of dissolved CO 2 cannot be detected due to the low solubility.
All of the Raman spectra of dissolved CO 2 in Fig. 7a were collected at a pressure of 30 MPa, and the signals of dissolved CO 2 were very weak at 200 C and 300 C as well as the fluorescent was very strong. The H 2 O-CO 2 system has strong fluorescent background at high temperatures, which could be confirmed from in situ Raman spectra and other previous published papers of researching H 2 O-CO 2 system. 43 The high-temperature simulation cell used in this work, especially the sapphire optical window, also will produce fluorescent background at high temperatures.
For the symmetric stretching mode, the peak position increased linearly with increasing temperature at relatively low temperatures (< 180 C); however, this linear increase tendency was not obvious at high temperatures (> 180 C) due to the low solubility and high fluorescent background (Fig. 7a) . As shown in Fig. 7b , from 0 C to 300 C, the wavenumber of the peak position increased approximately 4.5 cm -1 from 1382.5 cm -1 to 1387.0 cm -1 , and the pressure did not have a significant effect, as the scatters of Raman shift at different pressures were very near (Fig. 7b) . As shown in Fig. 7c , the FWHM of the symmetric stretching mode linearly decreased with increasing temperature and the pressure had no significant effect on the FWHM. The bending mode showed similar trends to the symmetric stretching mode. The symmetric stretching mode clearly varied with increasing temperature, as indicated by the larger slope of the fitting line for the symmetric stretching mode than that of the bending mode (Fig. 7d) . At temperatures above 180 C, the bending mode could not be distinguished from the signal noise for the low solubility and strong fluorescent background.
The differences of the Raman shift between dissolved CO 2 and gaseous CO 2 were approximately 6 cm -1 and 10 cm -1 for the symmetric stretching mode and bending mode, respectively. The FWHM also clearly increased from gaseous CO 2 to dissolved CO 2 . The decrease of the Raman shift and increase of the FWHM could be explained by the interaction between CO 2 molecules and water molecules. CO 2 molecules can displace the surrounding water molecules and increase the distance between CO 2 molecules that will reduce the vibration frequency of CO 2 .
44,45 CO 2 Hydrate. The low-temperature hydrate Raman cell filled with dissolved CO 2 and gaseous CO 2 was maintained in low-temperature (< 3 C), high-pressure (> 3 MPa) conditions for several hours, resulting in an icy hydrate growing on the interface between the water and gas (Fig. 8b and  8c) . [45] [46] [47] The Raman spectra were collected before hydrate formation to determine the Raman shifts of dissolved CO 2 under these conditions. After the synthesis was performed for 15 h, the Raman spectra of the mixture in the simulation cell were collected. A comparison of these two Raman spectra showed that Raman shift of the symmetric stretching mode decreased from 1382.4 cm -1 to 1381.4 cm -1 and that of bending mode increased from 1274.4 cm -1 to 1276.2 cm -1 (Fig. 8a) . The significant shift of the peak position of the bending mode (approximately 1.8 cm -1 ) can be used to distinguish CO 2 hydrate from dissolved CO 2 in CO 2 -enriched areas.
We also collected the Raman spectra of the CO 2 hydrates formed both above and below the water-vapor interface. We thought that the Raman spectrum shown in Fig. 8e indicated a mixture of CO 2 hydrates and dissolved CO 2 because the water signal is very strong. The Raman spectrum shown in Fig. 8d is likely indicative of a mixture of CO 2 hydrates and gaseous CO 2 because the water signal is very weak and liquid CO 2 cannot exist at 3 C and 3 MPa condition. As shown in Fig. 8d . However, the Raman shifts of the mixture of CO 2 hydrates and dissolved CO 2 were observed at 1276.2 cm -1 and 1381.5 cm -1 (Fig. 8e) , which indicates that the amount of dissolved CO 2 in water under the water-vapor interface is insufficient to affect the peak positions of the mixture. This observation may be explained by the dynamic equilibrium between the CO 2 hydrates and water limiting the dynamic equilibrium between dissolved CO 2 and gaseous CO 2 , inhibiting gaseous CO 2 from dissolving in water.
Conclusion
Based on our results, we obtain a systematic understanding of the Raman spectral characteristics of CO 2 in different phases and the effects of temperature and pressure on these Raman spectral characteristics. The temperature and pressure have significant effects on the Raman frequency shifts and the FWHM, which will definitely influence our accurate determination of CO 2 phases. Peak positions of the symmetric stretching mode of CO 2 at 0-300 C and À1 . We also studied the Raman spectral characteristics of a CO 2 -H 2 O system, where the wavenumbers of peak positions of dissolved CO 2 (0-300 C and 0-30 MPa) are in the range of 1382.5-1387.0 cm -1 and 1274.5-1277.5 cm -1 for the symmetric stretching mode and the bending mode, respectively. The Raman shifts of CO 2 hydrate were observed at 1381.5 cm -1 and 1276.2 cm -1 , which allow us to distinguish the characteristic Raman peaks of CO 2 hydrate from dissolved CO 2 . Based on these data, we can determine the CO 2 phase from in situ Raman spectra collected at 0-3000 m and 0-300 C in extreme environments, including hydrothermal vent areas, cold seep areas, and liquid CO 2 rejection areas. Using the identification method established in this paper, we successfully identified the dissolved, liquid, and even other phases CO 2 from in situ Raman spectra collected from hydrothermal areas and liquid CO 2 venting areas in Okinawa Trough and Manus back-arc basin.
Carbon dioxide is a widespread component in deep-sea extreme environments and plays a significant role in the evolution of deep-sea extreme ecosystems. Many low-temperature quantitative methods based on Raman spectroscopy have been used in previous studies. 28, 30, 32, 33 However, these low-temperature methods cannot be used for the high-temperature quantitative analysis of the Raman bands of CO 2 , which are very sensitive to temperature. The characteristic variations of the Raman bands of CO 2 with changing temperature and pressure were determined in this study, establishing a solid foundation for future research on the quantitative analysis of dissolved CO 2 under hightemperature, high-pressure conditions.
Quantitative research of dissolved CO 2 based on the acquired in situ Raman spectra is also well underway. The calibration curve of dissolved CO 2 at high temperatures has been set up. The exact concentration of CO 2 in these hydrothermal areas will be determined in the near future. These data will provide valuable information to explain geological evolution processes. Using these research methods based on CO 2 , other gases, such as CH 4 and H 2 S, with high concentrations in deep-sea extreme environments, will be studied.
